An essential aspect of male reproductive capacity is the immediate availability of fertilization-ready spermatozoa. To ensure this, most mammals rely on post-testicular sperm maturation. In epididymis, germ cells are matured and stored in a quiescent state that readily can be altered to produce active spermatozoa. This depends on active proton secretion into the epididymal lumen. We have identified Foxi1 as an important regulator of gene expression in narrow and clear cells-the major proton secretory cells of epididymal epithelia. Foxi1 appears to be required for the expression of the B1-subunit of the vacuolar H þ -ATPase proton pump and for carbonic anhydrase II as well as the chloride/bicarbonate transporter pendrin. Using transfection experiments, we have identified a Foxi1 binding cis-element in the ATP6V1B1 (encoding the B1-subunit) promoter that is critical for reporter gene activation. When this site is mutated to eliminate Foxi1 binding, activation is also abolished. As a consequence of defect Foxi1-dependent epididymal sperm maturation, we demonstrate that spermatozoa from Foxi1 null males fail to reach the female genital tract in sufficient number to allow fertilization.
Introduction
Most mammalian spermatozoa are not capable to move progressively or to fertilize an oocyte at the time when they leave testis. To acquire these abilities, they require a posttesticular maturation process that to a large extent takes place in epididymis. Strictly speaking, epididymal maturation is not sufficient, mammalian spermatozoa must undergo capacitation in the female reproductive tract before they can penetrate and fertilize an ovum (Bedford, 1975) . However, in epididymis the spermatozoa are exposed to a highly complex microenvironment characterized by a wealth of secreted proteins, for example, sulfated glycoprotein-1 and 2, the neuroendocrine peptide proopiomelanocortin, human epididymal gene product (HE1) and acidic epididymal glycoprotein (reviewed by Kirchhoff, 1999) . While the exact functional role of the various secreted factors in most instances remains obscure, it is clear that acidification of the epididymal fluid is essential for proper germ cell maturation and maintaining sperm in a quiescent state Acott, 1984, 1989; Kirchhoff, 1999) . This is obviously of importance for maximum functional mobility to occur only after ejaculation when mixing with the alkaline prostatic fluid restores pH and sperm mobility. Acidification of the epididymal lumen rely on the vacuolar H þ -ATPase proton pump that is localized to the apical pole of narrow and clear cells where it secrets protons over the luminal plasma membrane (Breton et al, 1996; Brown et al, 1997; Brown and Breton, 2000) . Although inhibition of epididymal acidification has been suggested to inhibit proper sperm function and as a potential way to regulate male fertility (Brown and Breton, 2000) , there is to our knowledge no in vivo data on how altered narrow and clear cell function in epididymis would per se affect male fertility. We show that mice lacking Foxi1 in narrow and clear cells also have lost the expression of the B1 subunit of the vacuolar H þ -ATPase proton pump. Furthermore, we demonstrate that the chloride/bicarbonate transporter pendrin (pds, encoded by SLC26A4) is expressed in these cell types and that pendrin also depends on Foxi1 for its expression. While Foxi1 and pendrin are expressed throughout the epididymis in H þ -ATPase positive narrow and clear cells no expression can be found in principal cells identified by expression of aquaporin 9 (aqp9) in their brush border membrane (Elkjaer et al, 2000; Pastor-Soler et al, 2001) . In more proximal parts of epididymis such as the initial segment and caput, we find that expression of carbonic anhydrase II (CAII) in narrow cells also require Foxi1 expression. In transfection experiments, we can demonstrate that Foxi1 activates an ATP6V1B1 (encoding the B1-subunit of the vacuolar H þ -ATPase proton pump) promoter construct. This activation is abolished when a forkhead cis-element in the ATP6V1B1 promoter, at À102 to À96, is mutated to prevent its ability to interact with Foxi1. Although mice lacking Foxi1 expression in narrow and clear cells are capable of mating, ejaculation and formation of vaginal plug, they fail to generate pregnancies and offspring. Based on sperm counts we conclude that this is due to insufficient number of sperms reaching the female genital tract. Thus, Foxi1 appears to be required for male fertility as a regulator of genes that are expressed in narrow and clear cells of importance for the epididymal dependent maturation and storage of spermatozoa, for example, the B1 subunit of the vacuolar H þ -ATPase proton pump and CAII.
Results

Foxi1À/À males but not females are sterile
During breeding of mice lacking Foxi1, we discovered an inability of Foxi1À/À males to generate offspring when mated to wild type (wt) females. On the other hand, Foxi1À/À females produced normal litters when mated to wt males, as did breeding with Foxi1 þ /À males and females.
To further study this we set up the following matings: Foxi1À/À males Â wt females and wt males Â Foxi1À/À females. We identified and followed 10 females with macroscopically normal vaginal plugs from each of the two groups. While normal litters with approximately eight pups each were produced by each Foxi1À/À female impregnated by wt males and no pups were generated from any of the matings of Foxi1À/À males Â wt females. Although Foxi1À/À males appear to recognize females, mate, ejaculate and produce macroscopically normal vaginal plugs, they fail to give rise to pregnancies and produce offspring. A failure to produce or maintain viable spermatozoa would be compatible with these findings. This made us interested in the possibility that Foxi1 in some way could play a role in this process.
Foxi1 is expressed in epididymis
Foxi1, also known as Fkh10 or HFH-3, has previously been shown to be expressed in kidney and inner ear (Overdier et al, 1997; Hulander et al, 1998) . To investigate whether Foxi1 is also expressed in the male genito-gonadal tract, we isolated total RNA from adult wt and Foxi1À/À testis and epididymis. As can be deduced from Figure 1B , Foxi1 is transcribed in epididymis of wt mice while testis appears negative for Foxi1. In order to localize the particular cell type(s) expressing Foxi1 in epididymis, we performed cRNA in situ hybridization on epididymis sections from initial segment, caput, corpus and cauda ( Figure 1A ). Foxi1 positive cells were identified in all these regions and representative results shown in Figure 1C -E. Foxi1 positive cells are scattered throughout epididymis constituting a distinct subpopulation of epithelial cells. Comparable sections from Foxi1À/À males were used as negative controls ( Figure 1F -H). Using an antiserum against Foxi1 we were able to identify cells expressing Foxi1 protein in their nuclei from all parts of epididymis ( Figure 1I -L). As a negative control we used corresponding sections from Foxi1À/À males ( Figure 1M -P). In conclusion, Foxi1 transcript and protein are localized to a distinct cell type that is scattered throughout the epididymal epithelium. In the initial segment and caput the nuclei of Foxi1 positive cells are slightly more luminal than the majority of epithelial cells ( Figure 1E , I and J).
Foxi1 is expressed in narrow and clear cells and required for expression of the B1 subunit of the vacuolar H þ -ATPase proton pump
In epididymis low pH is important for post-testicular sperm maturation. Narrow and clear cells are the major proton secreting cell types in the epididymal epithelium (Hermo et al, 1994; Breton et al, 1996) . While narrow cells are restricted to the initial segment and to some degree the caput clear cells are present in caput, corpus and cauda. To identify the proton secreting narrow and clear cells, we used an antiserum directed against the B1 subunit of the vacuolar H þ -ATPase proton pump Breton et al, 1996; Herak-Kramberger et al, 2001; Paunescu et al, 2004) . We found a complete co-localization between epithelial cells with apical H þ -ATPase staining and nuclear Foxi1 staining ( Figure 2E ). The principal cells are the most abundant cells in the epididymal epithelium and together with narrow and clear cells constituting most of the epithelium. As a marker for principal cells we used the water channel protein aqp9, which is expressed in the apical brush border membrane of principal cells (Elkjaer et al, 2000; Pastor-Soler et al, 2001) . We found that Foxi1 exclusively labeled aqp9 negative cells ( Figure 2F-I ). Foxi1À/À epididymides were used as a negative control ( Figure 2J ). According to these experiments, Foxi1 is exclusively expressed in cells positive for the B1 subunit of the vacuolar H þ -ATPase proton pump, that is, narrow and clear cells while aqp9 positive principal cells do not express Foxi1. It is also evident from these experiments that Foxi1 is required for expression of the B1 subunit of the vacuolar H þ -ATPase proton pump.
Pendrin expression in narrow and clear cells require Foxi1
In a subpopulation of cells in the endolymphatic epithelium of the inner ear and in intercalated cells of the kidney Foxi1 is necessary for expression of the chloride/bicarbonate transporter pendrin (Pds), encoded by Slc26a4 (Hulander et al, 2003; Blomqvist et al, 2004) . We used antisera against pendrin and Foxi1 to study if a similar relationship exists in narrow and clear cells of epididymis. In sections from all parts of epididymis epithelia, we found that apical perinuclear pendrin staining co-localizes with the nuclear Foxi1 signal, representative sections are shown in Figure 2K -N. While the epithelial pendrin expression seems to require Foxi1 expression ( Figure 2O ), there is a residual non-Foxi1 dependent pendrin signal derived from subepithelial septulae of connective tissue located outside of the luminal microenvironment on opposite side of the blood-epididymis barrier (Friend and Gilula, 1972 ; Figure 2O ). Epithelial pendrin expression is located mainly in the apical/perinuclear compartment of narrow and clear cells ( Figure 2N ). Since this is the first report of pendrin expression in epididymis, we also performed cRNA in situ hybridization using an antisense Foxi1 digoxigenin labeled cRNA probe (see Materials and methods). The very same tissue sections containing cells positive for Foxi1 mRNA ( Figure 3A) were consecutively used for immunohistochemistry in a double labeling experiment. This enabled us to demonstrate that the B1 subunit of the vacuolar H þ -ATPase proton pump and epithelial pendrin expression co-localize to the same cells that express Foxi1 mRNA ( Figure 3B-D) . Thus, pendrin, the B1 subunit of the vacuolar H þ -ATPase proton pump and Foxi1 are all expressed by the proton secreting narrow and clear cells while aqp9 positive principal cells do not express these proteins. Furthermore, it appears that expression of the transcriptional regulator Foxi1 is required for expression of these factors.
CAII expression in narrow and clear cells of the initial segment and caput of epididymis requires Foxi1
CAII, a cytosolic enzyme catalyzing the reversal formation of protons and bicarbonate from water and carbon dioxide, is found in the epididymal epithelium. The cellular distribution of CAII in the epididymal epithelium is somewhat unclear. There are conflicting data describing CAII in both narrow and clear cells (Miller et al, 2005) , in both narrow cells of initial segment and principal cells in the rest of epididymis (Kaunisto et al, 1995; Hermo et al, 2005) or in narrow cells only (Hermo et al, 2000) . In mouse epididymal tissue sections from caput, including the initial segment we identified immune-reactive CAII only in cells positive for Foxi1 ( Figure  4A -D) while neither CAII nor Foxi1 was expressed in Foxi1 deficient initial segment/caput cells ( Figure 4E ). In corpus ( Figure 4F -I) and cauda (not shown), CAII was found in a large proportion of cells. Among these only a minor fraction was also positive for Foxi1. Although no CAII positive cells could be identified in initial segment or caput from Foxi1À/À animals ( Figure 4E ), CAII expression in corpus and cauda seems to a large extent Foxi1 independent, since CAII staining is seen in Foxi1À/À epithelia from these regions ( Figure 4J ). All together, these results indicate that while Foxi1 is necessary for CAII expression in initial segment/caput of epididymis in corpus and cauda, this dependence is only partial since both Foxi1 negative and positive cells appear to express CAII. To summarize, in wt epididymis Foxi1 is expressed in narrow and clear cells. Inactivation of this forkhead transcription factor results in an epithelium without expression of the B1 subunit of the vacuolar H þ -ATPase proton pump and the bicarbonate/chloride transporter pendrin in narrow and clear cells. The water channel protein aqp9, a marker of principal cells, is expressed in Foxi1À/À epididymides. The cytosolic CAII expression is lost in initial segment and caput, but still found in corpus and cauda in tissues derived from Foxi1 deficient epididymis ( Figure 4K ).
Epididymal Foxi1 expression starts at postnatal day 5 (P5) and precedes that of CAII, pendrin and H þ -ATPase
To determine the onset of Foxi1 expression, we examined genital ridges at E12.5 from wt mice and consecutive time points during epididymal development up to adulthood (3 months). We used real-time RT-PCR (TaqMan) for quantification of Foxi1 mRNA ( Figure 5A ). No Foxi1 mRNA could be detected at any embryonic time-point. At P5, the first Foxi1 expression was identified comprising only approximately 1% of the level found in epididymis from adult mice. This is followed by a gradual increase in Foxi1 mRNA levels reaching a plateau in epididymides from adult males ( Figure 5A ). This gradual increase in Foxi1 mRNA steady-state level is paralleled by the first appearance of Foxi1 positive cells in the epididymal epithelium at P5 . At this time point there is no expression of either pendrin, CAII or the B1 subunit of the vacuolar H þ -ATPase proton pump. At P10
we can demonstrate the first expression of epithelial pendrin and CAII that strictly co-localizes with Foxi1 in proximal epididymis ( Figure 5F -H) here Foxi1 mRNA levels are B8.5% of adult expression ( Figure 5A ). At P15 Foxi1 positive cells do not only express pendrin and CAII they also display an apical staining for the B1 subunit of the vacuolar H þ -ATPase proton pump ( Figure 5J -L). At this stage, Foxi1 mRNA levels are B55.9% of adult expression ( Figure 5A ). Thus, there is a gradual increase in Foxi1 mRNA that precedes the expression of pendrin, CAII and the B1 subunit of the vacuolar H þ -ATPase proton pump. This temporal pattern is compatible with the view that Foxi1 directly or indirectly regulates the expression of these proteins.
Foxi1 transactivates an ATP6V1B1 promoter construct in vitro
We have previously shown in transfection experiments that a Foxi1 expression plasmid, in a dose-dependent fashion, activates a Pds promoter reporter construct (Blomqvist et al, 2004), a finding that supports the view that Foxi1 can act as an upstream activator/regulator of pendrin. To study if a similar relation exists between Foxi1 and the ATP6V1B1 promoter, encoding the tissue specific B1 subunit of H þ -ATPase found in kidney, inner ear, and epididymis (Nelson et al, 1992; Breton et al, 1996; Stankovic et al, 1997; Karet et al, 1999; Dou et al, 2003; Miller et al, 2005) , we isolated a 1.0 kb region immediately upstream of the ATP6V1B1 initiation codon ( Figure 6A ). This sequence stretch was cloned into a pGL3 luciferase reporter (see Materials and methods) and used in transfection experiments. As can be seen in Figure 6B , co-transfections using a Foxi1 expression plasmid in COS-7 cells induces a dose-dependent increase in reporter gene activity. In the promoter sequence used, we could identify only one potential Foxi1 cis-element conforming to the previously published consensus sequence for Foxi1 binding sites (T(g/a)TTT(g/a)(t/c); Overdier et al, 1997) . This site is located at À102 to À96 relative to the transcription start and agrees well with the findings of Finberg et al (2003) . When this site is mutated by substitution of the core T-triplet, of the putative Foxi1 binding site, to a G-triplet both Foxi1 binding and transactivating capacity is abolished ( Figure 6B and C). The location and sequence identity of this cis-element is conserved between mouse and human . These findings further support the view that Foxi1 acts as an early activator of a gene repertoire necessary for proper function of narrow and clear cells in epididymis. In executing this task Foxi1 appears to, at least in part, rely on a particular cis-element located at À102 to À96 in the promoter that regulates transcription of the B1 subunit of the H þ -ATPase proton pump.
Functional and physiological properties of wt and Foxi1À/À gonads and sperms Microscopic morphology of testis, rete testis, epididymis and interconnecting ducts did not reveal any morphological alteration. However, a more detailed examination of sperm morphology reveals a significant increase of sperms with tail angulation in Foxi1À/À mice (Po0.001; Figure 7A -E). Increased frequency of tail angulation is a sign of disturbed epididymal sperm maturation and has previously been linked to infertility based on elevated epididymal pH (Yeung et al, 2002) . In terms of quantity, there is no significant difference in number of sperms released from minced epididymides, wt (34.2 Â10 6 73.0 Â10 6 ; n ¼ 6) and À/À (34.6 Â10 6 74.0 Â10 6 ; n ¼ 6) mice. Vaginal plugs from wt females mated with either wt or Foxi1À/À males were minced with a razor blade in PBS buffer and the sludge was centrifuged to isolate the germ cells. Qualitative examination of the sperms showed normal motility (not shown). To make a quantitative analysis of sperms reaching the female genital tract sperms were flushed from uterus from mated wt females, centrifuged and redissolved in a fixed volume of buffer. At this point, the morning of plug appearance, uterus contained most of the ejaculated sperms, while less was found in oviduct (not shown). Wt females mated with Foxi1À/À males had reduced number of sperms in uterus B1.1% of the sperm count of wt females mated with wt males (Po0.05; Figure 7F ). We have also noted an increased organ/body weight ratio and increased luminal area of epididymal ducts for Foxi1À/À mice ( Figure 7G and H) . These findings are compatible with insufficient post-testicular maturation, due to failure of A-D) . Some CAII staining is also seen in nonepithelial cells. These cells are identified as erythrocytes, since they lack nucleus (stained blue using To-Pro 3), CAII is known to be highly expressed in the red blood cells. In corpus CAII (orange) is found in both Foxi1 (green) positive and negative cells (F-I). In epididymes derived from Foxi1 deficient males no CAII (orange) protein is found in the caput epithelium (E) while CAII positive cells are present in Foxi1À/À corpus (J) and cauda (not shown). Scale bars: 10 mm (L: lumen). A schematic view of the proton secreting cell in epididymis (K; narrow and clear cells). Tight junctions constituting the blood-epididymis barrier (black rectangles) and approximate location of the Foxi1 dependent proteins are shown.
proper acidification of epididymal luminal content caused by defective narrow and clear cell function. This is further supported by direct measurement of epididymal luminal fluid pH using a highly sensitive pH strip as has previously been described (Yeung et al, 2004) . Using this method, we could demonstrate a significant difference (Po0.001) when pH was compared between wt (pH ¼ 6.470.03; n ¼ 6) and Foxi1À/À (pH ¼ 6.970.06; n ¼ 6). Thus, it appears that Foxi1 expression in narrow and clear cells of the epididymal epithelium is necessary for proper acidification to occur.
Discussion
It is well established that an acidic luminal pH in epididymis is involved in sperm maturation (Carr et al, 1985; Caflisch and DuBose, 1990) to the extent that the acidification mechanism has been suggested as a potential target for male contraceptives (Breton et al, 1996) . Narrow and clear cells are responsible for the bulk of proton secretion into the epididymal lumen. This is achieved by the vacuolar H þ -ATPase proton pump located in their apical plasma membrane and Breton et al, 1996) . Furthermore, acidification appears to be most pronounced in proximal parts of epididymis such as the initial segment and only to a lesser degree present in more distal regions (Levine and Kelly, 1978) . In this context it is interesting to note that expression of CAII (providing protons; Fig   4) and the B1-subunit of the vacuolar H þ -ATPase proton pump (Figures 2 and 3 ) is entirely dependent on Foxi1 expression in the initial segment and caput (Figures 2  and 4) . Moreover, we demonstrate expression of the transcription factor Foxi1 in narrow and clear cells of epididymis (Figure 1 ). In these cells, Foxi1 is necessary for expression of Figure 6 FOXI1 specifically binds to and activates the ATP6V1B1 promoter. Schematic view of the reporter gene constructs used in the luciferase assays (A). A 1.0 kb nonmutated luciferase reporter construct (5-ATP6V1B1) and a mutated construct (5ATP6V1B1 TTT4GGG), in which the core T-triplet at position À102 to À96 has been replaced by GGG (A). Transient transfection using COS7 cells. When co-transfected with a FOXI1 expression vector (40, 80 and 100 ng) the wt reporter construct (5ATP6V1B1) showed a significant induction of reporter gene activity (***Po0.001). In contrast, the mutated variant (5ATP6V1B1 TTT4GGG) displayed no activity above what was generated with 100 ng of expression vector without insert. Reporter gene activity is shown as fold induction relative to activity generated in transfections using 100 ng of expression vector void of FOXI1 (B). EMSA of in vitro transcribed/translated FOXI1 protein (see Materials and methods) using radioactively labeled oligonucleotides encoding the putative FOXI1 binding site (À102 to À96) of the 5ATP6V1B1 promoter as well as a mutated site (same as in A, B). As can be deduced wt labeled oligonucleotide together with FOXI1 protein generates a band with altered mobility (C; lane 2). Using increasing amounts of wt nonlabeled (cold) oligonucleotide as competitor (lanes 3-6; 2-, 10-, 20-and 50-fold molar excess) demonstrates a gradually decreased intensity of the signal as would be expected for a specific DNA-protein interaction. In a similar experiment using mutated oligonucleotide instead of wt (lanes 7-10), no specific competition could be detected.
the B1-subunit and CAII (Figures 2-5 ) both playing crucial roles in the proton secretory machinery. It is a well-founded hypothesis that lack of these two factors will abolish or severely inhibit proton secretion from narrow and clear cells and hence produce a luminal microenvironment of the epididymis that is less well suited for proper post-testicular sperm maturation and storage. Hence, very few spermatozoa have the capacity to reach the female reproductive system after an ejaculation and as a consequence hereof Foxi1À/À males are sterile. It is possible that lack of the chloride/ bicarbonate transporter pendrin contributes to this phenotype (Figures 2, 3 and 4K ). Direct measurements of epididymal pH reveal a significant difference (P40.001) 6.4 for wt and 6.9 for Foxi1 À/À. These values are very similar to what has been published for the c-ros knock out mouse that also display male infertility (Yeung et al, 2002 (Yeung et al, , 2004 . Furthermore, such mice also demonstrate altered sperm morphology with tail angulation (Yeung et al, 2002 ; Figure  7A -E). This phenotype is linked to infertility based on alterations in the regulation of epidiymal volume/composition (Yeung et al, 2002) . pH measurements indicating a significantly higher pH in Foxi1À/À epididymides together with increased luminal area and higher organ to body weight ratio ( Figure 7G and H), which all are findings in agreement with altered epididymal microenvironment. While there is no significant difference in the number of spermatozoa in epididymis ( see Functional and physiological properties of wt and Foxi1À/À gonads and sperms) the altered microenvironment leads to an inability of Foxi1À/À sperms to reach the female genital tract in sufficient number to allow fertilization. This is consistent with an important role for Foxi1 in regulating genes necessary for creating an microenvironment needed for proper epididymal post-testicular sperm maturation. From a developmental perspective Foxi1 starts to be expressed rather late during epididymal development. The induction of epithelial pendrin and CAII follows Foxi1 expression and is found in Foxi1 positive cells at P10 ( Figure  5F-G) . The H þ -ATPase proton pump is not detected until P15
and it is located apically in Foxi1 expressing cells ( Figure 5L ). From this we conclude that Foxi1 expression precedes and is a prerequisite for the expression of Pendrin, CAII and H þ -ATPase in narrow and clear cells of epididymis, since epithelial expression of these proteins could not be found in Foxi1 deficient epididymides ( Figure 5E , I and M). The level of Foxi1 mRNA increases progressively during postnatal development, and so does the number of Foxi1 positive cells ( Figure 5A , D and H). The rather late appearance of Foxi1 in the developing epididymis argue in favor of a direct effect on target gene promoters as part of juvenile and peripubertal maturation of the epididymis epithelium rather than affecting specification of epididymal epithelia. The fact that no microscopic alteration of the epithelia has been found would be consistent with this view. It should be pointed out that previous cDNA array experiments support our findings regarding Foxi1 mRNA distribution ( Figure 1B ,) while the entire epididymidis was positive for Foxi1 mRNA (Johnston et al, 2005 ) no significant expression was found in testis (Shima et al, 2004) . Even though several bicarbonate transporters have been suggested/identified in narrow and clear cells, for example, NBC3 and AE2 (Jensen et al, 1999a, b; Pushkin et al, 2000; Medina et al, 2003) , we would like to speculate that pendrin could play a role in basolateral bicarbonate secretion in narrow and clear cells. Both these cell types have an elongated cell shape extending from the lumen towards the basal membrane. In this way, the vacuolar H þ -ATPase proton pump with its apical location will be on the luminal side of the adluminal blood-epididymis barrier (Farquhar and Palade, 1963; Friend and Gilula, 1972) , while the more perinuclearly located chloride/bicarbonate transporter pendrin will be on the 'blood' side of the adluminal barrier ( Figures 2K-N and 4K ). The kidney and epididymis both originate from the Wolffian duct and surrounding mesenchyme, thus sharing a common embryological origin. As a sign of this, similar epithelial cells that share several transport features populate both epithelia. For example, intercalated alpha cells of the distal kidney tubuli and narrow and clear cells both secrete protons and express the B1 subunit of the vacuolar H þ -ATPase proton pump at the apical cell pole Nelson et al, 1992; Al-Awqati, 1996) . Pendrin and Foxi1 are also expressed by intercalated beta cells (Blomqvist et al, 2004) , data presented here extend this kidney epididymis comparison to include Foxi1 and pendrin (Figures 1-5 ). Moreover, Foxi1, pendrin and the B1 subunit of the vacuolar H þ -ATPase proton pump are expressed in the endolymphatic duct epithelium of the inner ear (Everett et al, 1999; Dou et al, 2003; Hulander et al, 2003) . Mutations in the B1 subunit encoding gene (ATP6V1B1) are in humans associated with deafness and distal renal tubular acidosis as an indication of its importance for inner ear and kidney function (Karet et al, 1999) . To our knowledge, there are no reports on decreased male fertility in such patients. This is supported by the reported finding that mice lacking the B1-subunit are fertile (Finberg et al, 2002) . Mutations in the pendrin encoding gene (SLC26A4) cause Pendred's disease with deafness as an obligatory finding (Phelps et al, 1998; Reardon et al, 2000; Campbell et al, 2001 ). It appears that such patients have normal kidney function. While mice lacking pendrin develop early onset deafness they have essentially normal in vivo kidney function (Everett et al, 2001) . This is in contrast to mice lacking Foxi1 that develop both early onset deafness (Hulander et al, 1998; Hulander et al, 2003) as well as distal renal tubular acidosis (Blomqvist et al, 2004) and as reported here male infertility. It appears that the Foxi1 expressing cells of the inner ear (FORE cells; Hulander et al, 2003) , kidney (intercalated cells; Blomqvist et al, 2004) and narrow and clear cells of the epididymis require Foxi1 for normal cellular function. The more pronounced dependence on Foxi1 as compared with the B1-subunit or pendrin might be explained by the fact that expression of the transcription factor Foxi1 is required for a cascade of genes that all seem to be involved to some extent in proton/bicarbonate secretion. While it is likely that the B1-subunit to some degree is redundant in epididymis (Finberg et al, 2002) , it is required for normal function in the inner ear and kidney. Consistent with this notion it is possible that other mechanisms, independent of the B1-subunit, could contribute to epididymal acidification such as the Na þ /H þ exchanger NHE3 (Pastor-Soler et al, 2005) . However, if the activities of other proteins such as CAII and pendrin are reduced by the lack of Foxi1 there might be a more pronounced dependence of Foxi1 expression in the epididymal epithelium as compared with the B1-subunit.
Thus, Foxi1 appears to be essential for normal function at all of these sites indicating a nonredundant role as a regulator of the B1-subunit, pendrin and CAII as reported here. The fact that Wolffian duct mesoderm derived kidney intercalated cells and epididymal narrow and clear cells rely on similar mechanisms for proton/bicarbonate transport as does ectodermal FORE cells of the endolymphatic duct epithelium in the inner ear argues in favor of evolutionary convergence of a functional secretory mechanism. Finally, the experiments presented here, together with the findings in inner ears and kidneys that lack Foxi1 expression (Hulander et al, 2003; Blomqvist et al, 2004) , predict that mutations in the human FOXI1 gene, located at 5q34, might prove to cause a sensorineural deafness syndrome with distal renal tubular acidosis and male infertility.
Materials and methods
Northern blot analysis
Total RNA (20 mg), prepared as previously described (Chomczynski and Sacchi, 1987) , from wt testis and wt or Foxi1À/À epididymis were electrophoresed on a 2% formaldehyde/1% agarose gel and transferred onto Gene Screen Plus membrane (PerkinElmer Life Science Inc.). The membranes were hybridized as in Blomqvist et al 
In situ hybridization and immunohistochemisty
Nonradioactive in situ hybridization of adult wt and Foxi1À/À mouse epididymis cryosections (10 mm) were performed as previously described (Vosshall et al, 1999) , using a digoxigenin labeled Foxi1 riboprobe (corresponding to nt 966-1668, GenBank Acc No. NM_023907). Cryosections (10 mm) were treated for antigenretrieval as described in Brown et al (1996) and blocked in 1% BSA/0.5% Triton X-100 in 1 Â PBS buffer. The primary antibodies (ab) were diluted in 0.2% BSA/0.1% Triton X-100 and incubated over night at 41C. Three 10-min washes in 1 Â PBS were followed by 1-h incubation of diluted secondary ab at room temperature. Nuclei were visualized using ToPro3 1:1000 (T3605; Molecular Probes Inc.). After washes in 1 Â PBS, the slides were mounted in ProLong antifade (P7481; Molecular Probes Inc.) and imaged with a Zeiss LSM 510 META confocal microscope. Tissues from at least three different animals were analyzed and the results were consistent. ab were diluted as follows: goat anti- 
Real-time quantitative RT-PCR
Total RNA was isolated from mouse genital ridges and epididymes and DNase treated using Micro-to-Midi total RNA purification System (12183-018 Invitrogen) and DNA-free TM (Cat # 1906, Ambion), according to the manufacturer's protocols. RNA (500 ng) was used for first strand cDNA synthesis according to the manufacturer's recommendation (SuperScript TM First Strand Synthesis for RT-PCR, 12371-019, Invitrogen). TaqMan Real-time PCR was performed using TaqMan Universal PCR Master Mix (Applied Biosystems) and the ABI Prism 7900HT sequence detection system. At least three samples, from different animals, for each time-point were run in triplicates twice. Samples either derived from Foxi1À/À tissue or without reverse transcriptase were used as negative controls and showed no amplification. The change in cycle threshold (DC T ) method was used to calculate Foxi1 mRNA levels as percent of adult epididymal Foxi1 expression. The cycling protocol used was step 1: 501C for 2:00 min; step 2: 951C for 10:00 min; step 3: 951C 0:15 min; step 4: 601C for 1:00 min, steps 1-4 repeated 40 times. The primers and 5 0 -FAM and 3 0 -TAMRA labeled probes used were (1) Foxi1 Forward: ACT AAC GCC AGC CCC TTT CT; (2) Foxi1 Reverse: AGG TCG CTG GGC AGT AGC T; (3) Foxi1 Probe: CCC CAG GCC TAT GGC ATG CAG; (4) 18s rRNA Forward: GTT CGG AAC ATC AAG ACA CAT CT; (5) 18s rRNA Reverse: CAG AAC AAC AGA TCC CAC CAT TA; (6) 18 s rRNA probe: TTG GCC CTT TCC CCG TGG TCA.
Cell culture, transient transfections and luciferase assays COS-7 cells (American Type Culture Collection, USA) were cultured in DMEM, containing 4.5 g/l glucose, 10% heat-inactivated calf serum, 100 U/ml penicillin, 100 mg/ml streptomycin (Invitrogen) and maintained in a humidified incubator with 5% CO 2 at 371C. Cells were grown on 24-well plates to approximately 50-80% confluence before transfection. Transient transfections were performed with FUGENE 6 transfection Reagent (Roche), using 140 ng of luciferase reporter plasmid co-transfected with 40-100 ng expression vector, in accordance to the manufacturer's instructions. Differences in transfection efficiencies were assayed by cotransfecting each well with 1.0 ng pRL-SV40 Renilla luciferase plasmid (Promega). After 48 h of transfection, cells were washed with cold PBS buffer, harvested with passive lysis buffer (Promega) and analyzed using Dual-Luciferase Reporter Assay System (Promega), according to the manufacturer's protocol. Luciferase activity was determined as fold induction relative to cells transfected with an expression vector void of insert, normalized to Renilla activity. Experiments were performed in triplicates.
Plasmid constructs and mutants
The full-length FOXI1 was cloned into pcDNA3.1/GS expression vector (Genestorm Clone ID: RG001823) was obtained from ResGen, Invitrogen. A 1.0 kb (corresponding to nt 49 977 948-49 978 999, GenBank Acc No. NT_022184) region of genomic sequence immediately 5 0 of the ATP6V1B1 gene ATG (Locus ID:525) was PCR amplified from human genomic DNA. Unique NheI or XhoI restriction sites were incorporated at the 5 0 and 3 0 ends of the primer sequence, sequenced verified PCR product was cloned into NheI and XhoI sites in the reporter vector pGL3-basic (Promega). Primers: (1) FW: 5 0 -CTA GCT AGC CCA CAC TCC ACT CAC CAG GAG AA-3 0 , (2) REV: 5 0 -CTA CTC GAC CCA GTG TCT GAG CCT GCT GCT-3 0 . Based on information from GenBank this promoter region contains at least one putative FOXI1 binding site (À102/À96, relative to transcription start). Introduction of the triple mutation (À98T4G, À99T4G and À100T4G) into the putative FOXI1 binding site of the 5 0 ATP6V1B1 promoter (5 0 ATP6V1B1 TTT4GGG) was generated by PCR, using the Quick Change technique (Stratagene), according to the manufacturer's protocol. The following primers were used: Mut-FW: 5 0 -CCA GGC TTC CTT GGG GAC TGT CAA CCT AGA GG. Mut-REV: 5 0 -CCT CTA GGT TGA CAG TCC CCA AGG AAG CCT GG. All constructs were sequence verified by using ABI PRISM 310 Genetic Analyzer (Applied Biosystems).
Electrophoretic mobility shift assay
In vitro transcription/translations were performed according to the manufacturer's protocol using TnT Quick Coupled Transcription/ translation Systems (Promega) together with [
35 S]methionine and 2 mg expression plasmid. Oligonucleotides were labeled using Klenow polymerase and [a-32 P]dCTP. The following wt pair of oligonucleotides were used (the putative FOXI1 binding site is underlined): wt-fw: 5 0 -GCA GGC TTC CT T GTT TAC TGT CAA C; wt-rev: 5 0 -GTA GGT TGA CAG TAA ACA AGG AAG C. The following mutated (mut) pair of oligonucleotides were used (the triple mutation TTT4GGG is underlined): mut-fw: 5 0 -GCA GGC TTC CTT GGG GAC TGT CAA C; mut-rev: 5 0 0GTA GGT TGA CAG TCC CCA AGG AAG C. For each binding reaction, 50 000 c.p.m. of labeled probe was incubated with 3 ml of in vitro translated FOXI1 protein and 1.0 mg of poly dI:dC in a binding-buffer containing 5 mM HEPES, pH 7.9, 26% glycerol, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM dithiothreitol, and 0.5 mM PMSF with 100 mM KCl at room temperature for 15 min. Competition experiments were performed in the presence of 10-to 50-fold molar excess of unlabeled wt or mutated oligonucleotides, respectively. Samples were run in 6% nondenaturing polyacrylamide gels at 200 V in Tris-glycine buffer (50 mM Tris, pH 8.5; 380 mM glycine; 2 mM EDTA) at 41C. Subsequently, gels were dried and subjected to autoradiography.
Sperm count, morphology, morphometric analysis and pH
At the day of vaginal plug appearance, the wt females were killed by cervical dislocation and the oviduct and uterus were flushed with PBS. The flushed buffer was treated with hyaluronidase until all cumulus cells were single cells to make sure no sperms were concealed within the cumulus cloud. The solution was centrifuged and the pellet redissolved in a fixed volume of PBS buffer. Counting the number of sperms was repeated three times for each copulation event (wt males n ¼ 3, Foxi1À/À males n ¼ 5). Epididymes were minced, centrifuged and dissolved in M16, a medium supporting sperm motility (wt n ¼ 6, Foxi1À/À n ¼ 6) and counted under a microscope. Sperms were fixated in PBS containing 4% PFA mounted and viewed in a Nikon eclipse E800 microscope using a Nikon DXM1200 digital camera to record micrographs. To score epididymal lumen area, sections from at least five slides each of wt (n ¼ 6) and Foxi1À/À (n ¼ 6) epididymides were viewed and evaluated in a Zeiss LSM510 confocal microscope. Tubules sectioned perpendicular to the focal plane were used for area calculations using Zeiss LSM Image Browser software. pH was measured as previously described (Yeung et al, 2004) . In brief, fluid was collected from epididymal lobules after careful dissection to avoid blood vessels and other tissue. Tubules were cut and gently pressed so that the exuded luminal contents immediately could be applied to an ultra sensitive pH strip (Hydorion MicroFine pH strips cat# MF-1606, Micro Essential Laboratory, New York, NY) and compared with standards by two independent observers. Sperm tail morphology was determined for 100 epididymal spermatozoa from wt (n ¼ 3) and Foxi1À/À (n ¼ 3).
Statistics
All values are given as mean7s.e.m. Student's t-test was used for statistical analysis, a P-value of less than 0.05 was considered to be significant.
